Introduction
As foods usually contain sugars, amino acids, and proteins, the Maillard reaction and browning take place during processing and storage. As color changes in foods definitely influence food acceptability, it is important from the standpoint of the food industry to analyze and regulate Maillard reaction products or browning. However, compounds responsible for the Maillard reaction colors are still largely unknown, especially the high molecular weight products, melanoidins, because the brown polymers show an inhomogeneous nature (Rizzi, 1994) .
Foods derived from plants contain pentose in addition to hexose. It is well known that pentose contributes more to browning by the Maillard reaction than hexose does, because the oxo or reducible form of sugars is higher in pentose than in hexose (Eskin, 1990) . 5-Hydroxymethylfurfural (HMF) is one of the major reaction products of hexoses such as glucose and fructose under acidic conditions (Wong, 1989) , while furfural is the corresponding one for pentose and is also formed from ascorbic acid (Kurata, 1976; Yuan and Chen, 1998) . Although HMF is not a colored compound, this compound is an indicator of the Maillard reaction during food processing or preservation, and its content has been examined in various kinds of foods (Kus et al., 2005; Ferrer et al., 2005; Rada-Mendoza et al., 2002; Ramirez-Jimenez et al., 2000) . Furfural is also an indicator of some foods containing pentose (Brenner, 1976; Kato and Sakurai, 1963) or ascorbic acid. Our group has shown that furfural is a good indicator of the browning of orange juice, which is high in ascorbic acid, during storage (Shinoda et al., 2004; Shinoda et al., 2005) . Although the chemical structure of the brown polymer is unclear, some low molecular weight yellow, red or blue pigments formed by the Maillard reaction of furfural or pentose have been reported (Hofmann, 1997 (Hofmann, , 1998a (Hofmann, , 1998b Ames et al., 1993; Amoldi et al., 1997; Hayase et al., 1999; Sasaki et al., 2006) . Recently our group also isolated and identified a novel yellow compound named furpipate (1; Fig. 1 ) in a heated solution containing furfural and lysine under weakly acidic conditions (Murata et al., 2007) . During the study, we detected another peak in addition to furpipate. Furthermore, we were interested in learning if furpipate derivatives are formed in a solution containing HMF in place of furfural. Here we describe the formation of furpipate derivatives in a solution containing furfural or HMF in the presence of lysine.
Material and Methods
Reagents Furfural was distilled in vacuo (9 mm of Hg) at 47℃ for subsequent use. 5-Hydroxymethylfurfural was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Instrumental analyses Spectroscopic measurements were made with the following instruments: spectrophotometry (U-3310, Hitachi, Tokyo), NMR (AVANCE800, Bruker Biospin, Karlsruhe, Germany), and electrospray ionization mass spectrometry (ESI-MS; FT-ICR, ApexII 70e, Bruker Daltonics, Billerica, MA, USA).
HPLC analysis of furpipate derivatives Furpipate derivatives were analyzed by HPLC under the following conditions: pump, Hitachi L-6320 (Tokyo, Japan); column, Mightysil RP-18 (4.6 mm i.d. × 250 mm, Kanto Chemical, Tokyo, Japan); eluent, 0.1% trifluoroacetic acid and MeOH (19:6); flow rate, 1.0 mL/min; column temp., 50℃; detection, Hitachi L-4500 diode array; wavelength for detection, 250-500 nm (400 nm for quantification). To detect any peaks other than furpipate, elution with a linear gradient of 0.1% trifluoroacetic acid and MeOH from 98:2 to 0:100 over 35 min was also used.
Isolation of decarboxylated-furpipate (2) from the reaction mixture of furfural and lysine A 0.5 M acetate buffer solution (100 mL) containing 120 mM lysine and 180 mM furfural was autoclaved at 121℃ for 30 min, before being cooled to room temperature and adjusted to pH 2-3 with 2 M HCl. After the solution was washed with ethyl acetate, the water layer was concentrated in vacuo and applied to a column of ODS (15 mm i.d. × 100 mm; Chromatorex, Fuji Silycia Chemical, Kasugai, Japan), which was developed with a mixture of 0.1% trifluoroacetic acid and MeOH (7:3). The yellow solution was collected and concentrated in vacuo, before being applied to preparative HPLC under the following conditions: pump, Hitachi L-6000; column, Mightysil RP-18 (20 mm i.d. × 250 mm, Kanto Chemical, Tokyo, Japan); eluent, 0.1% trifluoroacetic acid and MeOH (5:1); flow rate, 9.99 mL/min; detector, Hitachi L-4200 (Tokyo, Japan); wavelength for detection, 360 nm. A peak at a retention time of about 27 min was collected and concentrated in vacuo, before being purified again by the same HPLC procedure. Decarboxylated-furpipate (20 mg) was obtained as a yellowish powder.
Isolation of 5-hydroxymethylfurpipate (3) and decarboxylated-5-hydroxymethylfurpipate (4) from the reaction mixture of HMF and lysine A 0.5 M acetate buffer solution (100 mL) containing 30 mM Lys and 90 mM furfural was autoclaved at 121℃ for 30 min, before being cooled to room temperature and adjusted to pH 2-3. After the solution was washed with ethyl acetate, the water layer was concentrated in vacuo and applied to a column of ODS (15 mm i.d. × 100 mm; Chromatorex, Fuji Silycia Chemical, Kasugai, Japan), which was developed with a mixture of 0.1% trifluoroacetic acid and MeOH (8:2). The yellow solution was collected and concentrated in vacuo, before being applied to preparative HPLC under the following conditions: pump, Hitachi L-6000; column, Mightysil RP-18 (20 mm i.d. × 250 mm, Kanto Chemical, Tokyo, Japan); eluent, 0.1% trifluoroacetic acid and MeOH (6:1); flow rate, 9.99 mL/min; detector, Hitachi L-4200, (Tokyo, Japan); wavelength for detection, 360 nm. Two peaks at retention times of about 18 min and 28 min were collected and concentrated in vacuo. 5-Hydroxymethylfurpipate (3) and 5-hydroxymethyl-decarboxylated-furpipate (4) were obtained as yellowish powders.
Physicochemical properties of furpipate derivatives Decarboxylated-furpipate (2) was soluble in water and meth-H. totsuKa et al. anol, and insoluble in hexane, chloroform, and ethyl acetate. UVλ max (ε): 359 nm (13,000) in water; 312 nm (11, 000) C-NMR data are summarized in Table 2 .
Evaluation of color intensity The color intensity was evaluated by the color dilution method (Hofmann, 1998c) . A water solution of furpipate was successively diluted. An aliquot (200 µL) was put into a 96-well microplate. The detection limits of furpipate and a test solution for color were visually estimated by the triangle difference test with three panelists.
Results and Discussion
Isolation and identification of decarboxylated-furpipate (2) Furfural and lysine were dissolved in a pH 5.0 acetate buffer, because foods derived from plants are usually under weakly acidic conditions. Figure 2-A shows a typical HPLC pattern of a heated solution of furfural and lysine. Several peaks appear on the HPLC trace from the absorbance at 400 nm, a peak at a retention time of about 14.1 min (furpipate) being the major one. As another peak at a retention time of 14.8 min was the second major peak, we decided to isolate and identify this peak (compound 2; Fig. 2-B) . Compound 2 was obtained as a yellowish powder. The absorption maxima of 2 were 359 nm and 312 nm under acidic and alkaline conditions, respectively, showing the solution is yellow under acidic conditions but colorless under alkaline conditions. The MS showed that the molecular weight and the molecular formula of 2 were 161 and C 10 H 11 NO. The difference between the molecular formula of 1 (C 11 H 11 NO 3 ) and that of 2 was CO 2 , which suggests that a carboxyl group in furpipate is removed in 2. The 1 H-NMR spectrum of 2 was almost the same as that of 1 except for a singlet proton at 8.38 ppm that appeared in 2 but not in 1 ( Table 1 ). The 13 C-NMR spectrum of 2 showed that 2 had no carboxyl group. These results strongly suggest that 2 is decarboxylated-furpipate (Fig. 1) . The proton at position 2 (H-2) is shifted downfield, because it is attached to a conjugated imine. The 1 H-1 H correlation (COSY), heteronuclear single quantum correlation (HSQC), heteronuclear multiple bond correlation (HMBC), and nuclear Overhauser effect (NOE) spectra all supported this structure (Fig. 3) . From these results, 2 was identified as decarboxylated-furpipate (Fig. 1) . Miller (1987) synthesized this compound from furfural and 2, 3, 4, 5-tetrahydropyridine. There is no report that 2 is formed from a solution containing furfural or pentose, and lysine.
Isolation and identification of 5-hydroxymethylfurpipate (3) and decarboxylated-5-hydroxymethylfurpipate (4)
We identified furpipate and decarboxylated-furpipate in a solution containing furfural and lysine. Furfural is a reaction product of pentose, while HMF is the product from hexose. Next, the existence of furpipate derivatives in a solution containing HMF and lysine was examined. The absorption maxima of 3 were 377 nm and 321 nm under acidic and alkaline conditions, respectively, which shows that the solution is yellow under acidic conditions but colorless under alkaline conditions. The MS data showed its molecular weight and molecular formula to be 235 and C 12 H 13 NO 4 . The difference between the molecular formula of 1 (C 11 H 11 NO 3 ) and that of 3 was CH 2 O, which suggests that a hydroxymethyl group is added to the furan ring in 3. The NMR data are summarized in Table 2 , and are very similar to those of furpipate. The 1 H-NMR data show the existence of coupled protons at δ H 6.66 (H-10) and 7.15 (H-9) derived from a furan ring. However, there was no proton bound to C-11 and coupled with H-10, which was observed in furpipate. On the other hand, two protons at δ H 4.62 ppm (H-12) appeared in 3. These protons were bound to a carbon at δ C 57.8 ppm (C-12) which forms a hydroxymethyl group. These results strongly suggest that 3 has a hydroxymethyl group connected to the furan ring. The 13 C-NMR data showed 12 kinds of carbons, among which the C-H bonds of eight carbons were assigned by HSQC analysis. The HMBC analysis (Fig. 3) showed that the protons of the hydroxymethyl group were coupled with C-10 and C-11 of a furan ring, indicating the existence of a hydroxymethyl-furan ring. The configuration of the double bond between C-3 and C-7 was determined by NOE analysis. These results enabled the chemical structure of 3 to be determined as (E )-3-(5-hydroxymethyl-2-furylmethylidene)-3H, 4H, 5H, 6H-pyridine-2-carboxylic acid (5-hydroxymethylfurpipate). This compound is a novel compound. The NMR spectrum of compound 4 was compared with that of compound 3. The 1 H-NMR spectrum of 3 was almost the same as that of 4 except for a singlet proton at δ H 8.40 ppm which appeared in 4 but not in 3. The 13 C-NMR spectrum of 4 showed that it had no carboxyl group. This relationship between 3 and 4 was similar to that between 1 and 2. From these results 4 was identified as decarboxylated-5-hydroxymethylfurpipate (Fig. 1) . This compound was found as a product of the reaction between glucose and lysine in slightly acidic aqueous solution (Miller et al., 1984) and was synthesized from 5-hydroxymethylfurfural and 2, 3, 4, 5-tetrahydropyridine (Miller, 1987) .
Color contribution of furpipate The color intensity of the furpipate derivatives and a heated solution of lysine and furfural or HMF were evaluated. The detection limits for 1, 2, 3, and 4 were 3.0, 40, 4.6, and 16 µg/mL, respectively. A heated solution of lysine and furfural contained 30 µg/mL of 1 and 50 µg/mL of 2, and the detection limit of this solution was a 40-fold dilution. These results show that 1 and 2 contributed to about 25% and 3% of the total color of the solution. Furpipate was the major low molecular weight pigment in the solution of lysine and furfural.
A heated solution of lysine and HMF contained 40 µg/mL of 3 and 60 µg/mL of 4, and the detection limit of this solution was a 20-fold dilution. These results show that 3 and 4 contributed to about 43% and 18% of the total color of the solution. 5-Hydroxymethylfurpipate was the major low molecular weight pigment in the solution of lysine and furfural.
In conclusion, a novel furpipate derivative, 5-hydroxymethylfurpipate, was isolated and identified as the major yellow pigment in a heated solution of HMF and lysine under weakly acidic conditions. Decarboxylated derivatives of furpipate and 5-hydroxymethylfurpipate were also formed during heating.
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